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Fibrous structures of high complexity, as introduced by ply
and twist, have been subjected to high and low speed tensile
tests. The ratio of strength at high speed to low speed is always
greater than one, but decreases with increasing complexity of
fibrous structure. The ratio of elongation to break at high speed
to that at low speed is always less than one and also decreases
with increasing structure com})lexity. The ability to absorb
energy markedly increases with increasing complexity of ge-
ometry at low strain rates, characteristic of an Instron. The
reasons for this additional energy absorption are discussed.
Tests at high rates of strain point out the inability of many
complex textile structures to translate their superior energy
absorption characteristics to high strain rates. The results ob-
tained and the principles demonstrated are applied to the de-
velopment of improved materials for use in aerial delivery and

ballistic applications.

- INTRODUCTION

Textile items used by industry, the military, and
the individual consumer are subjected to vari-
ous complex stresses. It has been recognized for
some time that the speed at which stresses are ap-
plied must be considered in evaluating such textile
items. Evaluation of a textile item under Instron con-
ditions 0f:50-200% /minute may not give accurate
information concerning the breaking strength of an
auto seat belt subjected to strain rates several dec-
ades greater. For this reason, scientific personnel in
industrial, university and government laboratories
have devised and utilized various instruments such
as the falling weight, pneumatic or hydraulic piston
devices, and even devices utilizing impact directly
or indirectly with a missile to attain the higher strain
rates characteristic of the end use applications. At
USANL the strain rates used most frequently have
been 100 % /minute and 288,000 % /minute.
Generalization can be made concerning the
changes in the mechanical properties of a textile
yarn accompanying this three decade rise in strain
rate. The breaking strength rises, the breaking elon-
gation decreases, the modulus increases and the
work to rupture may increase, decrease or stay the
same with increased rate of testing. However, prob-
lems arise some of which tend to invalidate this gen-
erally accepted behavior. For example, the strain
rate of 288,000 %/minute may still be too low to

duplicate the conditions operating at strain rates
characteristic of ballistic impact. Or the strain his-
tory may not be at a simple constant rate as obtained
with a pneumatic tester but may be a more complex
strain history as is operating in the opening of a
parachute. These two problems, although being ad-
dressed, are far from solved. The present paper is
concerned with a third problem; that of complexity
of structure as it interacts with strain rate.
Complexity itself has been studied in the past,
notably by Treloar and Riding (1), who derived
relationships for the stress-strain properties of yarns
based on their structural geometry and the known
stress-strain  behavior of component filaments.
Treloar (2) also used a similar approach to predict
plied yarn behavior, and Riding (3) checked this
theory experimentally, obtaining satisfactory agree-
ment. '
Platt et al (4), Kilby (5), Symes (6), and others
have also analyzed the many structural factors in-
volved in yarn construction. In the present study, the
influence of ply and twist are examined with the
emphasis on commonly used amounts of these.

EXPERIMENTAL

Materials

A variety of yarns were used to make various
comparisons in this study. The identification of-these
is as follows:
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Fiber ' Designation Denier Producer.

High Modulus ‘x-soo Typel 1120 Monsanto

Polyamide
High Moduilus * X-500, Type 3. 12 Monsanto
Polyamide | s , ,

Glass E Glass 1 , 2400

Polyamide Nylon 6,
Polyamide Nylon
Polyamide - “Nylon
Polypeptide . 5i
Polypeptide .= JKS-1 -

Polypeptide ﬂdJk'S-Z

The nylon 66 yarns obtam 1
Nemours & jere 210/34 . mgl pl hey were
plied to various levels (2, 3, 5, and 7), with various
amounts of twist (2, 5, and 9 tpi.). Thls provided a
yarn series with gradually increasing complexity
which could be examined for effects of either ply-
mg, twisting or a combmatxon of both. The proc-
essing for this series was performed at the Lowell
Technologlcal Institute, Lowell, Massachusetts.

%

The silk is a ,kthree—ply sewing yarn made from
mulbe‘rry silk by the A. H. Rice Co. It was tested
both in its nal form and in unplied single strands.

The two polypeptides from Gulf South, the nylon
6, and the X-500 are experimental developments cur-
rently under investigation at the U.S. Army Natick
Laboratories.

The ﬁberglass yarn was extracted from 20,000
denier roving, which had been woven into an experi-

mental fabric. by Umted; Merchants and . Manufac-
turers, .

elongotlon and. Type—3
lowest strength, and hlgh'

Tensile properties,
work-to-break, knot “and modulus) were
measured. at conventlonal test rates on an Instron
Tester, and at unpact rates with a F RITS Impact
Tester. The Instron Tester. speed was 5 in./min
which resulted in a stral rate on the test specimen
of 100%/min. High speed tests were performed at
20 ft/sec for a strain rate of 288,000 % /min.

The FRITS Tester is 'a pneumatic piston type in-
strument which utilizes. compressed nitrogen as a
source of power. A piezoelectric crystal load cell
transmits forces to an oscilloscope readout. A dis-
placement-time signal is also provided by means of
a pre-marked magnetic tape. Photographs of the
oscilloscope screen are made to permanently record
each test.

Twisting of X-500 and nylon 6 yarns was per-
formed at NLABS with a Suter twister under con-
stant tension of 30 grams.
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RESULTS AND DISCUSSION

Translational effects in manufactured textile mate-
rials have been recognized for many years. The
tensile strength of the finished item is rarely equal to

_ the sum of its component yarn or fiber strengths. The
»elongatlon on the other hand, is usually greater than
_ that of the components due to additional plying,

tw:stmg, or weaving, which introduces additional
“structural” elongation.

Though the efficiency with which an item trans-
lates mechanical properties may be dependent upon
the type of fiber used, it is also dependent upon
structural geometry. When a material is stressed,
either axially or transversely, there is a natural ten-
dency for the component members to orient in the
direction of load, and to reinforce one another in re-
sisting the load. The extent to which this reorienta-
tion takes place determines the strength output of
the total system. The amount of readjustment which
can take place is controlled by two factors: (1) the
limit allowed by the particular configuration, i.e. a
woven fabric, with all its yams oriented in the direc-
tion of load, will translate strength better than a
braided cord whose component yarns restrain each
other from a perfectly axial orientation, and (2) the
speed with which the load is applied. Internal re-
adjustment is a time dependent process which can
only reach the optimum point if loading takes place
very slowly. As loads are applied more and more
rapidly, there is less time for total adjustment to take
place, and efficiency losses are noted.

These rate-dependent effects make the study of
translational efficiency under rapid loading rates par-
ticularly important when characterizing materials for
impact applications.

Complexity by Ply and Twist

Figure 1 shows generalized stress-strain curves for
a typical fiber loaded at a conventional (slow)
speed and a speed approximately 3000 times faster.
Expressing the response of this material as the ratio
of high speed to low speed output, it can be seen
that the stress ratio is greater than one, the strain
ratio is less than one, and the energy ratio is ap-
proximately one. Computing ratios in this manner
gives an index of the percent output for a particular
parameter at high speed compared to that at low.
For ‘convenience, in the followmg discussion these
indices will be referred to as “impact performance
ratios”. Impact performance ratios were examined
for the strength, elongation, and energy outputs of
a series of nylon yarns. A gradual buildup in com-
plexity of structure within the series was obtained
through the addition of ply and twist. Thus, trends

in impact performance could be observed and re-
lated to the various complexity levels. Figure 2 shows
strength nnpaet performance ratio plotted against
twist for various plied yarns. It is seen that the ratios

are all greater than one which reflects the inherent

characteristic of the polymer to exhibit greater
strength at high speed. However, the downward
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trends with both ply and twist indicate that strength
translation at high speed becomes increasingly poor
with additional complexity. The effect of twist is
more severe thax that of ply especially at the higher
ply levels. The combined effects of ply and twist are
illustrated in Fig. 3, with the impact performance
ratio plotted against (ply X twist) % as a complexity
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Fig. 1. Generalized stress-strain behavior for most polymeric
materials at high and low strain rates.
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Fig. 3. Impact performance ratio vs complexity for breaking
strength of nylon 66 yarns at high and low strain rates.
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factor. This further depicts an overall -downward
trend in strength impact performance with increas-
ing complexity.

The inherent tendency of the basic polymer to
exhibit decreased elongation at high strain rate is
observed in Fig. 4 where impact performance ratios
for elongation are all less than one. Here again de-
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Fig. 2. Impact performance ratio vs twist for breaking strength
of nylon 66 yarns at high and low strain rates.
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Fig. 4. Impact performance ratio vs twist for elongation of
nylon 66 yarns at high and low strain rates.
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creases are noté_d in impact performance with in-
creases in both ply and twist. A downward trend
with complexity is also noted in Fig. 5. This indicates
that although structural elongation is increasing with
the addition of ply and twist, it is not reflected in
the ability of the yarns to elongate at high strain

rate. Internal structural reinforcement when loads"

are applied instantaneously cannot progress to the
same levels that can be attained at conventional

speeds.
The combined losses for strength and elongation
are shown in Figs. 6 and 7 where energy impact
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Fig. 5. Impact performance ratio vs complexity for elonga-
tion of nylon 66 yarns at high and low strain rates.
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Fig. 6. Impact performance ratio vs twist for energy capacity
of nylon 66 yarns at high and low strain rates.
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performance ratios are plotted. It is seen that at the
highest complexity level, the material at high speed
translates just over 50% of the energy capacity ex-
hibited at low speed (Fig. 7).

These effects may apply to problems in the field

.of aerial delivery. Due to the complexity of suspen-

sion cords, tie down straps, knotted joints, and
splices one gets an impression from low and quasi
static test data of greater energy absorption, strength,
and elongation than is actually available under actual
use conditions. Thus, materials of this type furnish
an excellent example of the interaction of complexity
and speed of testing. Questions then arise as to the
application of this complexity-rate of testing inter-
action to other areas. One of these areas, ballistic
impact, has previously been investigated from the
viewpoint of rate of testing, but never with the
added consideration of complexity.

In general, we know that textile yarns and fibers
with good mechanical properties, namely high
strength and high modulus and with sufficient duc-
tility even under static testing conditions, are prime
candidates for the preparation of felts and fabrics
with optimum ballistic properties. However, occa-
sionally a fiber or yarn with good static properties
performs poorly ballistically, or one with fair or poor
mechanical properties under static conditions per-
forms better than expected. The simplest explanation
would appear to be the rheological behavior of the
material; the fact that processes of relaxation which
can occur under a slow speed test are no longer able
to occur at the very high speeds of test characteristic
of a ballistic impact. In some cases, this explanation
suffices and it may only be necessary to raise the
testing rate a few decades to see the improved or
degraded properties.
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Fig. 7. Impact performance ratio vs complexity for energy
capacity of nylon 66 yarns at high and low strain rates.
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mplexlty of the

cient to predict or
of -a new material.
of high modulus polyaniide fibers
tion X-500 became: available from 1521 ;
cal Company. Two types examined had the follow-
ing properties: s e

Modulus

Br. Elongation

Br. Stress (gpd) (%), o (gpd)
Type | 14 254 550
Type il 6.5 20 150

Type I had the high breaking stress and high
modulus which should be useful for ballistic appli-
cations. Actually this material was useless as a
needle-punched felt and performed poorly in fabric,
giving a V-50 ballistic limit value with the 17 grain
fragment simulator of 1070 ft/sec as compared to
greater than 1225 ft/sec for nylon 66 fabric plied to
the same areal density. The ballistic limit value can
be described as the velocity with which a missile
would have a 50% chance of penetrating the target
material. To further investigate this poor ballistic
behavior, a yarn complexity analysis was performed
on the X-500. Type I material in one and two ply
yarns was tensile tested at various twist levels from
“0” tpi to “8” tpi. Figure 8 shows a marked decrease
in the strength of the plied and unplied yarns as a
function of twist even at the static rate of testing
(100%/min). In contrast, a nylon 6 yarn shows a
barely perceptible drop in strength with increasing
twist. The nylon 6 in fabric form is known to give a
higher ballistic resistance. Impact loading of the
X-500 further reflects the complexity effect discussed
earlier, where the losses due to increased twist are
accentuated at the high speed. The loss observed
(Fig. 8), is particularly severe, with only 25% of its
original strength retained at 8 turns per inch. This
behavior illustrates the extreme sensitivity of this
material to structural influences, which helps to ex-
plain its poor ballistic performance.

A material this structure-sensitive would most
likely be very susceptible to failure at stress concen-
tration points such as the yarn Crossovers in a woven
fabric. Observation of experimental ballistic panels
supports this idea. The hole formed by penetration
of the missile into the fabric is square in many cases
for X-500, indicating that the yarns were cleanly
sheared off along the crossovers on the outer edges
of the failure. This is in contrast to more random
failure patterns in nylon ballistic fabrics. Energy at
the point of impact of the missile is not being trans-
lated effectively beyond the nearest yarn crossovers.

Complexity by Knots

The distribution of stresses about the missile in a
ballistic impact is a complex subject, not to be treated
in depth in'this paper. Considering it briefly, how-
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ehavior of felted or woven

ever, examination of layered fabric panels which
have been tested at their V-50 ballistic limit speed,
indicates that a combination of fiber, yarn and
weave properties contribute to the overall resistance
of the complete layered assembly. It is not implied
that the same effect to be discussed will occur at
impact speeds considerably greater or less than the
V-50 speed. Initial penetration of the first layer is
normally a concentrated rupture with only very lo-
calized resistance from the contacted yarns. Failures
at this point appear to be in shear, with the level of
failure highly dependent upon modulus, or stiffness,
as well as concentrations of bending stresses at cross-
over points. As the missile proceeds through the lay-
ered panel, a departure from this initial shattering
effect takes place. In the last layer penetrated, a
drawing of the yarns seems to take place, which
indicates a more longitudinal or tensile yarn re-
sponse to the applied load, Much of the resistance
at this point is provided by the tenacity, elasticity,
and toughness characteristics of the material. The
stress is also dispersed over a wider area, allowing
for fabric constructional features to contribute to the
resistance of forces. At present, the combined effects
of shear, elasticity, weave, etc. can only be evaluated
by actual missile firings on layered panel specimens.
However, the isolation of these and many other ef-
fects in the laboratory contributes greatly toward the
evaluation of candidate materials for ballistic appli-
cations. Standard laboratory tensile tests at high
speeds provide information related to the quasi-
longitudinal responses in ballistic resistance. The
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Fig. 9. High speed knot strength vs high speed elongation
for a variety of yarn types.

shear-like responses related to the initial missile
penetration, however, have been more difficult to
assess in the laboratory. Methods based on the evalu-
ation of tensile moduli or wave velocity, such as the
Pulse Propagation Meter, have at times proved use-
ful in understanding impact or ballistic behavior. In
other instances (ie. X-500) the high modulus and
high wave velocity are inconsistent with the poor
ballistic performance exhibited and one is inclined
to search for another method of evaluation. One
method which combines material stiffness character-
istics, stress concentration, and complexity effects is
the simple knot test. This test provides a means for
evaluating a wide variety of materials easily and
quickly. Figure 9 shows the percent of normal
strength retained by knots under impact loading, as
a function of high speed elongation. It is seen that
the X-500 yarn, Type I, which displayed such poor
ballistic resistance, had a strength retention of only
12% while nylon 6 and nylon 66 which possess rela-
tively good ballistic resistance, retain 62% of their
strength when knotted. The silk, which also retains
strength well in the knotted form, possesses good
ballistic resistance. The protein fibers shown are ex-
perimental and have not been evaluated ballistically.
Another example is that of glass. The knot strength
retention was 30%. It is known that glass yarns in
fabric form exhibits very low ballistic resistance and,
therefore, glass with a reasonably high strength (10
g/d), and a high modulus (300 g/d), is limited by
its lack of ductility. This plot suggests the simple
expedient of determining elongation and forgetting
the knot strength test. However, it is interesting to
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note that only 10-15% elongation is needed to insure
good performance in the knot test, and that addi-
tional elongation to break is unnecessary. This fea-
ture of the curve may explain the good ballistic per-
formance of a low elongation material (polyvinyl
alcohol) (7) and the relatively poor performance of

-a very high elongation material (polypropylene) (8).

X-500 has a good potential for impact resistance
because of its high modulus and accompanying high
wave propagation velocity. It is the lack of ductility
and translational ability that nullifies its usefulness
in ballistic applications. One point in Fig. 9 repre-
sents an X-500 yarn with greater ductility. This yarn,
Type III, was able to retain 57% of its breaking
strength as compared to only 12% for Type I Type
III also exhibited much improved ballistic resistance
(1244 ft/sec).

In conclusion, it can be stated that translational
efficiency at high speed must be carefully considered
in tensile or ballistic applications. The usual tensile
strength and elongation changes with strain rate
are altered in the case of complex structures. The
strength impact performance ratio, which is nor-
mally expected to be greater than one, is shown to
be steadily decreasing with complexity. This trend
can be carried to the point where complex braided
cords used in parachutes actually have strength
LP.Rs less than one, and energy L.P.R’s as low as
0.5.

Increased stiffness and elasticity are advantageous
only to certain limits in ballistic resistance. High
modulus materials respond better ballistically, but
only to the point where materials are too stiff to
translate shear energy eflectively. More extensible
materials seem to translate more efliciently, but be-
yond a fairly low elongation level, extensibility has
no further effect on translation. The proper balance
of modulus, extensibility, and strength in a fiber
seems to be the key to improved impact performance.
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